It has been shown that the TCP connections through the congested routers with the Active Queue Management (AQM) can be modeled as a nonlinear feedback system. In this paper, we design H" robust controllers for AQM based on the linearized TCP model with time delays. For the linear system model exhibiting LPV nature, we investigate the H--performance with respect to the uncertainty bound of RTT(round trip time). The robust controllers and the corresponding analysis of H"-performance are validated by simulations in different scenarios.
Introduction
Active Queue Management has recently been proposed in [I] to support the end-to-end congestion control for TCP traffic regulation on the Internet. For the purpose of alleviating congestion for IP networks and providing some notion of quality of service (QoS), the AQM schemes are designed to improve the Internet applications. Earliest efforts on AQM (e.g. RED in [2] ) are essentially heuristic without systematic analysis. The dynamic models of TCP ([9, 121) make it possible to design AQM in the literature of feedback control theory. We refer to [ 1 I] for a general review of Internet congestion control.
In [ 121, an TCP/AQM model was derived using delay differential equations. They further provided a control theoretic analysis for RED where the parameters of RED can be tuned as an AQM controller [4] . In [ 5 ] , a ProportionalIntegral controller was developed based on the linearized model of [12] . Their controller could ensure robust stability of the closed loop system in the sense of gain-phase margin of the PI AQM [5, 61. A challenging nature in the design of AQM is the presence of a time delay, which is called RTT (round trip time). To further complicate the situation, the linearized TCWAQM model is linear parameter varying (LPV), with RTT being the scheduling parameter. The paper is organized as follows. The mathematical model of TCPIAQM is stated in Section 2, where the linearized LPV system with time delays is described. In Section 3, An H-optimization problem is formulated, where the parametric uncertainties are modeled and the robust controllers are obtained. We investigate in Section 4 the H" performance of the robust AQM controllers. MATLAB simulations are given in Section 5 to validate our design and analysis, followed by concluding remarks in Section 6. Assume N ( t ) = N and C ( t ) = C , the operating point of (1)
It can be shown that an uncertainty bound WZ(e,' *' ) satisfying 
H" Controller Design for AQM
Consider the nominal svstem where Ts is the sampling period.
H"-Performance Analysis
As shown in Section 3, the H -AQM controller (15) 
here the term IWi"Ae)(jo)Po(jw)/ can be seen as a bound on the additive plant uncertainty.
Furthermore, we define which corresponds to the worst system response of con-
Notice that a smaller 6; means better performance of the robust controller within the operating range 0.
Particularly, we are interested in the scenario depicted in Fig.] In what follows, we provide numerical analysis of the H - In fact, it is a general trend that ma@>*)
which can be further verified by Fig.3, Fig.4 , and Remark: Based on the observation of better performance obtained by the partition shown in Fig.1 , it is natural to consider switching robust control among a set of H" controllers, each of which is designed for a smaller operating range. This will be an interesting extension of the present work. 
Simulations
The closed loop system with the determined controllers is implemented in MATLABlsimulink to validate the controller design as well as the H -performance analyzed in Section 4. We assume the TCP Row number N = 150. the link capacity C = 500 packetslsec. The propagation delay Tp is set to be 0.3 sec and the desired queue size is qo = 100 packets. Therefore, the nominal R 7 T is 0.5 sec (Bo = OS), which is straightforward from (2). We use AB = 0.2 in the design of CO(S) and A01 = A02 = 0.1 in Cl(s) and CZ(S).
The following three scenarios are considered:
Assuming the plant is the nominal one, i.e. Pe(s) = Po(.). we implement controller Co(s) as well as CI (s) and Cz(s). It is shown in Fig.6 that the three controllers can stabilize the queue length because the nominal value BO is within the operating range of 0, 01, and 0 2 . Note that the system response ofCO(.) is better than the other two due to the fact that it achieves the optimal H -perfomance at Bo.
Assuming 6 = 00 -AB = 0.3, we implement controller CO and Cl (CZ is not eligible in this scenario). As depicted in Fig.7 , CO and C1 can robustly stabilize the queue length. Observe that the system response of CI is better because it has much smaller H -performance cost, which has been shown in Section 4.
0 Similarly, we choose 9 = Bo + AB = 0.7 and repeat the simulation for controller CO and Cz (Cl is not eligible). As depicted in Fig.8 . the two controllers can robustly stabilize the queue length and their system responses coincide with the H" performance analysis given previously.
The above simulations show that our robust AQM controllers have good performance and robustness in the presence of parameter uncertainties. Meanwhile, the system responses also affirm a good coincidence with the ff-performance analysis in Section 4. 
